Membrane-associated proteins of Mycobacterium tuberculosis offer a challenge, as well as an opportunity, in the quest for better therapeutic and prophylactic interventions against tuberculosis. The authors have previously reported that extraction with the detergent Triton X-114 (TX-114) is a useful step in proteomic analysis of mycobacterial cell membranes, and detergent-soluble membrane proteins of mycobacteria are potent stimulators of human T cells. In this study 1-D and 2-D gel electrophoresis-based protocols were used for the analysis of proteins in the TX-114 extract of M. tuberculosis membranes. Peptide mass mapping (using MALDI-TOF-MS, matrix assisted laser desorption/ionization time of flight mass spectrometry) of 116 samples led to the identification of 105 proteins, 9 of which were new to the M. tuberculosis proteome. Functional orthologues of 73 of these proteins were also present in Mycobacterium leprae, suggesting their relative importance. Bioinformatics predicted that as many as 73 % of the proteins had a hydrophobic disposition. 1-D gel electrophoresis revealed more hydrophobic/transmembrane and basic proteins than 2-D gel electrophoresis. Identified proteins fell into the following major categories: protein synthesis, cell wall biogenesis/architecture and conserved hypotheticals/unknowns. To identify immunodominant proteins of the detergent phase (DP), 14 low-molecular-mass fractions prepared by continuous-elution gel electrophoresis were subjected to T cell activation assays using blood samples from BCG-vaccinated healthy donors from a tuberculosis endemic area. Analysis of the responses (cell proliferation and IFN-c production) showed that the immunodominance of certain DP fractions was most probably due to ribosomal proteins, which is consistent with both their specificity for mycobacteria and their abundance. Other membrane-associated proteins, including transmembrane proteins/lipoproteins and ESAT-6, did not appear to contribute significantly to the observed T cell responses.
INTRODUCTION
Tuberculosis remains a major challenge to health providers as well as research workers worldwide. Emergence of multi-drug-resistant tuberculosis in many regions (Snider & Castro, 1998 ) is a particularly alarming situation, calling for urgent and intense efforts towards more effective therapeutic and preventive measures. The genome sequence of the pathogen Mycobacterium tuberculosis (Cole et al., 1998) has given the much-needed impetus to such efforts. Since biological processes are mediated primarily by proteins, studies have been launched to analyse the proteome of this microbe and to profile proteins that could serve as novel drug targets, diagnostic probes or components of a vaccine.
The cell membrane of M. tuberculosis, like that of any other prokaryote, is likely to harbour proteins functioning as enzymes, receptors, transporters or signal transducers that could be of vital importance to the microbe, and hence could qualify as drug targets (Sigler & Hofer, 1997; Nigou et al., 2003; Asselineau et al., 2002) . Our previous studies have shown that membrane-associated mycobacterial proteins are also potent activators of human T cell-responses (Mehrotra et al., 1995 (Mehrotra et al., , 1999 . Though the M. tuberculosis genome encodes nearly 800 putative membrane proteins (Tekaia et al., 1999) , their identification and characterization through the classical approach of proteome analysis (2-D gel electrophoresis and peptide mass-mapping) have proved to be difficult. A major limitation of current protocols concerns sample solubilization (Santoni et al., 2000) . The available IEF compatible detergents (non-ionic/ zwitterionic) solubilize proteins rather inefficiently, particularly those from a complex membrane matrix such as that of M. tuberculosis (Brennan & Nikaido, 1995) . In addition, many membrane proteins have highly basic pIs (Tekaia et al., 1999) and are difficult to resolve on a pH gradient of 3-10, which is the normal limit of immobilized pH gradient (IPG) strips used for IEF.
To find a way around the limitations of 2-D gel electrophoresis-(2-DGE) based protocols, some workers have resorted to 1-D gel electrophoresis (1-DGE; SDS-PAGE) for analysis of the membrane proteome. SDS, being a strong anionic detergent, solubilizes most proteins, and their pI values become inconsequential as resolution depends on size. The identity of as many as five or six proteins in a given 1-DGE band can be established with reasonable certainty through peptide mass-mapping using MALDI-TOF-MS (matrix assisted laser desorption/ionization time of flight mass spectrometry) (Galeva & Altermann, 2002) . A 1-DGE-based protocol for identification of membrane proteins of M. tuberculosis was reported recently by Gu et al. (2003) , wherein gel sections containing protein bands were subjected to peptide mass-mapping through high-performance liquid chromatography-mass spectrometry rather than MALDI-TOF-MS. In another recent report (Schmidt et al., 2004) , a whole-cell lysate of M. tuberculosis was subjected to 2-DGE-and ICAT-(isotopecoded affinity tag) based techniques. ICAT, though complemented by 2-DGE in terms of the number of proteins identified, was also beset with problems in identifying highly basic or acidic proteins, or the membrane proteins.
Sample preparation has been emphasized as a crucial step in the analysis of the membrane proteome (Shaw & Riederer, 2003) . We have previously shown that the extraction of proteins from the isolated membrane of M. tuberculosis with Triton X-114 (TX-114) detergent serves as a useful sample preparatory method (Sinha et al., 2002) . This procedure, based on the partitioning of proteins in detergent-and water-rich phases (Bordier, 1981) , was found more effective in revealing the putative membrane proteins of the bacillus than an alternative protocol based on extraction with carbonate (Fujiki et al., 1982) . Though only a few membrane proteins could be demonstrated in our previous study, due to the aforementioned problems in their resolution by 2-DGE, some of the immunodominant proteins of the pathogen, including ESAT-6, figured among the 32 identified proteins. The membrane association of ESAT-6 and some of the other proteins described by us was confirmed by Gu et al. (2003) .
In this study, we pursued the TX-114-extraction-based approach for the analysis of M. tuberculosis membrane proteins by applying both 1-DGE and 2-DGE protocols. Membrane-associated proteins that were immunodominant for human T cells were identified using a preparative 1-DGE protocol. We had earlier developed and used this protocol (continuous-elution gel electrophoresis) for the fractionation and purification of mycobacterial membrane proteins, to show a strong human T cell stimulatory potency of certain low-molecular-mass constituents (Mehrotra et al., 1997 (Mehrotra et al., , 1999 .
METHODS
Isolation and fractionation of M. tuberculosis cell membrane. The membrane of M. tuberculosis H37Rv was isolated and processed as described previously (Sinha et al., 2002) . In brief, 3-4-week-old bacterial cultures (in Löwenstein-Jensen medium) were probe-sonicated and centrifuged, initially at 23 000 g to remove unbroken cells and cell-wall debris, and later at 150 000 g to obtain the membrane as sediment, and cytosol as supernatant. Membrane vesicles in the final suspension were characterized morphologically by transmission electron microscopy (Mehrotra et al., 1995) .
Membrane-associated proteins were extracted with TX-114, following the protocol of Bordier (1981) as described previously (Mehrotra et al., 1995; Sinha et al., 2002) . In brief, pre-condensed TX-114 was added to the membrane (final detergent concentration 2 %, w/v) and the suspension was stirred at 4 uC to get the protein extract in a single phase. Residual insoluble matter was removed by centrifugation and the phases were allowed to separate. Upper (aqueous) and lower (detergent) phases were collected and back-washed three times. Proteins in the pooled detergent phase were recovered by precipitation with acetone, and those in the pooled aqueous phase by precipitation with trichloroacetic acid (TCA, 15 %, w/v) . In the latter case, TCA was removed by washing the precipitate with acetone. The dried sediments were reconstituted in water and stored lyophilized in aliquots after protein estimation. All protein estimations were done by a modified Lowry method (Markwell et al., 1978) .
1-DGE and 2-DGE. 1-DGE (SDS-PAGE) was performed on polyacrylamide gel slabs (12 % resolving gel, 1 mm thick) following Laemmli's procedure (Laemmli, 1970) .
2-DGE was performed as described previously (Sinha et al., 2002) . A solubilization buffer (7 M urea, 2 M thiourea, 4 % CHAPS, 0?3 % DTT, 0?5 % carrier ampholytes 4-7, 40 mM Tris, pH 9?6) recommended for IEF of membrane proteins (Gorg et al., 2000) was used. The lyophilized protein sample was solubilized in this buffer (2 mg protein ml 21 ), followed by centrifugation to remove the insoluble matter. The supernatant, 150 or 450 ml, was applied to IPG strips of 7 or 17 cm length (Bio-Rad), respectively, using the 'in-gel rehydration' method (Gorg et al., 2000) . IEF was performed in an IEF Cell (Bio-Rad) with the following voltage gradient for 7 cm strips: (i) 0-250 V in 2 h, (ii) 250 V constant for 1 h, (iii) 250-3000 V in 4 h and (iv) 3000 V constant until 15 kVh. For 17 cm strips, the applied gradient was: (i) 0-250 V in 3 h, (ii) 250 V constant for 2 h, (iii) 250-3000 V in 6 h and (iv) 3000 V constant until 50 kVh. Later, IPG strips were equilibrated in solutions A (0?05 M Tris/HCl, pH 8?8 containing 6 M urea, 30 % glycerol, 2 % SDS, 1 % DTT) and B (solution A without DTT, but with 4 % iodoacetamide and 0?005 % bromophenol blue). Each strip was then loaded on top of a SDS-polyacrylamide gel slab (12 % gel, 1 mm thick) and electrophoresis was performed (Laemmli, 1970 ) at a constant current of 20 mA (for 7 cm gels) or 40 mA (for 17 cm gels). The proteins were stained with Coomassie blue R250 and images were acquired by an imaging densitometer (GS710, Bio-Rad).
Continuous-elution gel electrophoresis (CEGE). The detergentphase (DP) proteins of the TX-114 extract were fractionated by CEGE according to a previously described protocol (Mehrotra et al., 1997) . In brief, DP proteins were loaded on a SDS-polyacrylamide gel column (12 % resolving and 4 % stacking gel), and electrophoresis was performed in a Prep Cell (Bio-Rad) using the Laemmli (1970) buffer system. All collected fractions were subjected to SDS-PAGE and silver staining (Blum et al., 1987) to visualize the elution pattern. Identical samples were pooled to provide 14 minimally overlapping fractions, which were concentrated on a Speed-Vac (Savant). Each fraction was processed for SDS removal by the methanol/ chloroform extraction method (Wessel & Flugge, 1984) , and the removal was monitored colorimetrically (Arand et al., 1992) . Finally, the protein precipitates were reconstituted in PBS, sterilized by autoclaving, and stored in aliquots at 220 uC. The reconstituted volume of each fraction was 1/10 of its original volume.
Protein identification. For in-gel digestion, the sample was prepared as described by Shevchenko et al. (1996) . In brief, the Coomassie blue stained spot or band was washed, in-gel reduced, Salkylated and digested with trypsin at 37 uC overnight. Peptides were extracted, dried in a Speed Vac and resolubilized in 0?1 % trifluoroacetic acid. ZipTips (Millipore) were used to desalt the samples. Peptide mass mapping was performed with 0?5 ml tryptic digest mixture using cyanohydroxycinnamic acid (CHCA, Sigma). The samples were analysed by MALDI-TOF-MS on a Voyager DE STR (PerSeptive Biosystems) equipped with a nitrogen laser. The instrument was operated in the delayed extraction mode with delay time of 150 ns. Each mass spectrum was a mean of 250 laser shots. Close external calibration was performed with a mixture of des-arg 1 bradykinin 904?468, angiotensin-I 1296?685, neurotensin 1672?917 and fragment 18-39 of adrenocorticotropic hormone 2465?199. To search the M. tuberculosis ORF database 'TubercuList' (http:// genolist.pasteur.fr/TubercuList), monoisotopic masses were assigned using the MS-FIT3.2 part of the PROTEIN PROSPECTOR package (University of California Mass Spectrometry Facility, San Francisco). The parameters were set as follows: no restriction on the isoelectric point of proteins, 100 p.p.m. was allowed as the maximum mass error, and one incomplete cleavage per peptide was considered.
Antigens. Subcellular fractions of M. tuberculosis (cytosol, membrane, TX-114-extracted membrane proteins and DP proteins fractionated by CEGE) were obtained as described above. An Escherichia coli culture was also processed identically for isolation of its cytosol and membranes, to be used as non-specific controls.
ESAT-6 antigen of M. tuberculosis was cloned, expressed and purified as follows. The ORF Rv3875 was PCR amplified from the genomic DNA of an Indian clinical isolate. The PCR product was cloned into pGEM-T-Easy vector and the nucleotide sequence of the gene validated. The full-length authentic gene was then subcloned into bacterial expression vector pET23b+ (Novagen), which yielded satisfactory levels of polyhistidine-tagged recombinant ESAT-6 expressed as soluble protein in E. coli. Recombinant ESAT-6 was purified under native conditions by nickel-nitrilotriacetic acid (Ni-NTA, Qiagen) metal affinity chromatography, following the manufacturer's protocol. SDS-PAGE analysis of the purified protein revealed it to be an essentially homogeneous (>90 % pure) preparation. It was dialysed against PBS and stored in aliquots at 220 uC. Endotoxin levels, as determined by E-Toxate kit (Sigma), did not exceed 0?03 units in any batch of the protein.
Human T cell activation assays
Study subjects. Ten healthy laboratory workers served as donors. All were BCG-vaccinated, and being residents of a tuberculosisendemic region (North India) could also be considered as environmentally exposed to M. tuberculosis.
Proliferation assay. A previously described protocol (Mehrotra et al., 1999) was followed. In brief, peripheral blood mononuclear cells were isolated from citrated blood samples (10 ml) by centrifugation over Ficoll-Isopaque. Washed cells were resuspended (2610 6 ml 21 ) in culture medium (RPMI 1640) containing 10 % heat-inactivated pooled normal human serum, and dispensed in 96-well culture plates (0?1 ml per well). All antigens meant for use in the tissue culture were prepared in PBS and sterilized by autoclaving or filtration (0?22 mm). Mitogen (PHA-P; Sigma) or antigens were added in triplicate wells (10 ml per well; final culture volume 0?2 ml per well) to provide the following concentrations per ml culture: PHA, 2 mg; M. tuberculosis/E. coli cytosol, 5 mg; membrane, 0?5 mg; M. tuberculosis membrane extracts-DP/AP (aqueous phase) 0?5 mg; DP fractions obtained by CEGE, 1 : 100 dilution of stocks; ESAT-6, 5 mg. The cultures were incubated for 6 days in a CO 2 incubator and pulsed with Cytokine assay. The culture supernatants of peripheral blood mononuclear cells, incubated with various antigens for 5 days (in parallel with T cell proliferation assays), were subjected to an estimation of human interferon gamma (IFN-c) levels using an ELISA kit (Amersham Pharmacia Biotech). The supplier's protocol was followed.
ELISA for ESAT-6. ELISA was performed for semi-quantitative determination of ESAT-6 in the M. tuberculosis membrane as well as the DP protein pool. In brief (Mehrotra et al., 1999) , the ELISA plate was coated (100 ml per well) overnight at 4 uC with antigens (5 mg ml 21 ESAT-6 or 100 mg ml 21 other antigens) and blocked with 1 % (w/v) skimmed milk powder in Tris-buffered saline containing 0?05 % (v/v) Tween 20 (Milk-TBS-T). The monoclonal anti-ESAT-6 antibody (Statens Serum Institut, Copenhagen, Denmark) was diluted 1 : 100 in Milk-TBS-T and incubated overnight at 4 uC with antigens (in paired wells). After washing (with TBS-T) and incubation (2 h, 37 uC) with the peroxidase-conjugated secondary antibody (affinity-purified anti-mouse IgG; Sigma) and o-phenylenediamine (Sigma), the absorbance was read at 492 nm in a plate reader (Polarstar Galaxy, BMG).
Bioinformatic analyses. Data mining for the identified proteins was performed mainly from the databases of TubercuList (http://genolist.pasteur.fr/TubercuList) and SWISSPROT (http://us. expasy.org/sprot). Information on previously identified proteins was obtained from the databases of the Max-Planck-Institut (http:// www.mpiib-berlin.mpg.de/2D-PAGE) and Statens Serum Institut (http://www.ssi.dk/), as well as from the published literature. The 'grand mean of hydropathy' (GRAVY) scores were calculated using the PROTPARAM tool (http://us.expasy.org/tools/protparam.html) in which a score >20?4 (mean score for the cytosolic proteins) suggests probability for membrane association; the higher the score, the greater the probability (Kyte & Doolittle, 1982) . The transmembrane regions were predicted using TMHMM (http://www.cbs.dtu. dk/services/TMHMM) and TMPRED (http://www.ch.embnet.org/ software/TMPRED_form.html). Cellular localization, lipid attachment sites and signal sequences were predicted from PSORT (http:// psort.nibb.ac.jp) and cross-checked with SWISSPROT. Fig. 1 shows resolution by 1-DGE (SDS-PAGE) of the membrane proteins partitioned into the DP and AP of TX-114. The striking difference between the two patterns underscores the effectiveness of the extraction protocol used. Some background smearing of the DP proteins, especially in the 30-35 and 8-15 kDa regions, could have been caused by membrane-associated complex glycolipids (lipoarabinomannans, lipomannans and phosphatidylinositol mannosides), which are known to partition in the detergent phase (Mehrotra et al., 1999) . As indicated in the figure, 19 bands from DP (1-19) and 18 from AP (20-37) were processed for protein identification. The main criterion for this selection was the ease with which a band could be excised avoiding others in its vicinity.
RESULTS

1-D and 2-D resolution patterns of membrane proteins
In addition to 1-DGE, the AP proteins were also subjected to 2-DGE (Fig. 2) . In this procedure the proteins appeared to focus sharply, though many of them (mostly of 10-20 kDa) with apparently basic pIs remained unresolved near the pH 7 edge of the gel. As marked in the figure, 51 spots from this gel were processed for protein identification.
CEGE, a form of preparative 1-DGE, was applied only to the DP proteins. This produced 14 fractions (Fig. 3 ) that were used for T cell activation assays as well as protein identification. For identification, 1-3 samples (28 in total, marked in the figure) from each fraction were picked and processed.
Protein identification and classification
Peptide-mass mapping of 116 samples (47 originating from DP and 69 from the AP protein pools) led to the identification of 105 proteins (see the Supplementary Table with the online journal). Typically, many proteins were present in more than one sample (mostly from 2-DGE) and many samples (especially from 1-DGE) contained more than one protein. Out of the identified proteins, 73 belonged to DP and 19 to AP protein pools. The remaining 13 proteins were common to both (DP/AP). Nine proteins had no previous references in databases or publications pertaining to the M. tuberculosis proteome; hence they were considered as 'new' to the proteome (indicated in the supplementary table).
Bioinformatic analyses indicated that 77 (73 %) proteins (57 from DP, 12 from AP and 8 from DP/AP) could be considered as 'membrane-associated' since their GRAVY scores predicted a hydrophobic character (Supplementary  Table) . Similarly, 45 (43 %) proteins (34 from DP, 8 from AP and 3 from DP/AP) were considered as 'membranebound' as they were predicted to have one or more transmembrane regions with or without a lipid attachment site or signal sequence. Among the 9 newly described proteins, 8 (89 %) possessed transmembrane regions.
Functional categories of the identified proteins
According to the TubercuList database, the majority of the identified proteins belonged to the following five functional categories: category 2 (information pathways, 32 proteins), category 3 (cell wall and cell processes, 20 proteins), category 7 (intermediary metabolism and respiration, 22 proteins) and category [8+10] (unknowns+conserved hypotheticals, 20 proteins). Interestingly, all proteins in category 2 were 'ribosomal' in nature, being involved in protein translation, synthesis or modification.
Another important observation (Supplementary Table) was that most (73 out of 105) of the proteins had a functional orthologue in M. leprae, a feature that is considered to signify the relative essentiality of a given M. tuberculosis protein for survival and growth of the microbe (Cole et al., 2001) . On the other hand, all the proteins had an orthologue in the Mycobacterium bovis genome, emphasizing the close similarity between the two pathogens.
Identification of proteins displaying immunodominance for human T cells
The 14 DP fractions obtained by CEGE were used for protein identification as well as T cell activation assays. The identified proteins (44, excluding repetitions; Supplementary Table) could be broadly categorized as ribosomal (24 proteins; Fig. 4a ) and 'non-ribosomal' (20 proteins; Fig. 4c ). All fractions, except two (F7 and F14) showed the presence of 1-6 ribosomal proteins originating from the large or small subunit of the ribosome. Many of them (underscored in Fig. 4 ) were seen repeatedly in subsequent fractions. The (F1-14) . Samples (1-3) from each fraction (28 in total; marked by arrows) were picked and processed for protein identification. non-ribosomal proteins were present in all but three (F1, F8 and F10) fractions and some of these (underscored in Fig. 4) were also repeated in the adjacent fractions. Seven of the non-ribosomal proteins could be considered as membrane-bound (shown in italics in Fig. 4 ) as they contained transmembrane regions or lipid-attachment sites.
All ten donors showed a strong proliferative T cell response (SI>10) to the mitogen, and only one of them was a 'nonresponder' (SI<3) to the M. tuberculosis antigens (cytosol and membrane). The response to DP fractions (Fig. 4b) was apparently not dependent on the number or abundance of proteins in a given fraction, since some of the weakly stained ones, F1 (¢3 proteins), F2 (¢7 proteins), F6 (¢3 proteins) and F8 (¢1 protein), were among the most potent; and some of the strongly stained ones, F4 (¢9 proteins), F5 (¢2 proteins), F11 (¢10 proteins) and F12 (¢9 proteins), were less effective. The five strongest fractions (mean SI¢9) were F1, F2, F3, F6 and F8, and the five weakest fractions (mean SI<5) were F7, F9, F10, F11 and F12.
A close look at the most potent fractions indicated that their immunogenicity was most probably imparted by ribosomal proteins. F1 and F8 contained three and one ribosomal proteins, respectively, and F2 had six ribosomal proteins. However, all ribosomal proteins did not appear to be equally potent. For example, F11 and F12 did not show a strong response despite having five or six such proteins. If one wanted to pick a single highly immunogenic ribosomal protein, it would be RplE (F8), which produced a mean SI of 9 in the study subjects. Nonetheless, the possibility that F8 may also contain some other, as yet unidentified, protein(s) should not be overlooked.
Among the non-ribosomal proteins, none of fractions containing the transmembrane proteins or lipoproteins (two lipoproteins in F7 and F9, and five others in F11-13) produced any appreciable response. Nonetheless, the nonribosomal proteins in F2 (Rv1397c) and F3 (four proteins, including a known T cell antigen, alpha-crystallin) could have contributed to the overall response produced by corresponding fractions.
Specificity and potency of the immune response induced by the fractionated DP proteins Subcellular fractions of M. tuberculosis, and for control purposes E. coli, were used in T cell activation assays in order to assess the specificity and potency of responses generated by the DP proteins. ESAT-6, an immunodominant antigen of M. tuberculosis, was also included in this comparative evaluation in view of our previous report demonstrating its presence in the membrane (Sinha et al., 2002) . However, ELISA using recombinant ESAT-6 as a reference antigen and a monoclonal anti-ESAT-6 antibody as a probe showed that its concentration in the DP was considerably less (A 492 0?03) than that in the membrane (A 492 0?10), suggesting that it was most likely a 'peripheral' membrane protein.
Proliferative T cell responses were estimated in seven donors, all of whom were responders to the mycobacterial antigens (all SIs>15 with M. tuberculosis membrane; Fig. 5a ). Their mean SI with E. coli cytosol or membrane was <3, with only one of them showing a weakly positive response (SI=5 and 6?6, against cytosol and membrane respectively). The responses produced by ESAT-6 (mean SI=4?1) were much weaker compared to whole DP (mean SI=23?6) or the dominant DP fractions (mean SI with F1=13?7, F2=18?7 or F3=14?8, F6=10?3 and F8=9; as shown in Fig. 4) . Moreover, only three donors showed a positive response to ESAT-6 (SI=3, 10 and 10?5), whereas all seven were positive to the dominant DP fractions (SI range 3-69).
Induction of gamma interferon production by DP proteins M. tuberculosis membrane, DP and AP proteins, and DP protein fractions F1-F4, were tested for their capability to induce production of IFN-c, a cytokine that triggers activation of macrophages. Interestingly the DP proteins exhibited a stronger IFN-c inducing potency (90±29 pg ml
21
; Fig. 5b ) than AP (25±9 pg ml 21 ), although both had shown similar potencies in T cell proliferation assays (Fig. 5a ). On the other hand, levels of IFN-c induced by the DP fractions (F1-F4) were simply a reflection of the corresponding proliferative responses (shown in Fig. 4) .
DISCUSSION
This study aimed to apply 1-DGE-(SDS-PAGE) based peptide mass-mapping as a strategy to complement the 2-DGE-based approach for the analysis of the M. tuberculosis membrane proteome, and to identify the immunodominant membrane-associated proteins of the pathogen. We had earlier reported that some low-molecular-mass proteins isolated from a detergent (TX-114) extract of mycobacterial cell membranes act as potent stimulators of human T cells (Mehrotra et al., 1999) . We had also shown that extraction with TX-114 is a useful preparatory step towards the analysis of M. tuberculosis membrane proteins, despite the restrictions imposed by 2-DGE in terms of sample solubilization and mass/pI coverage (Sinha et al., 2002) . While pursuing the proteins that partition in the DP of TX-114, we also included the proteins of the AP. While the DP proteins were subjected to 1-DGE alone, since we had previously reported on their analysis through 2-DGE, the AP proteins were processed by both 1-DGE-and 2-DGEbased protocols. 2-DGE was considered particularly suitable for AP proteins in view of their expected amenability to the available sample solubilization methods. This was evident from their neat 2-D resolution profile. In contrast, the DP proteins resolved poorly by 2-DGE (Sinha et al., 2002) . Besides, many proteins with highly basic pIs (>10) were seen only by 1-DGE, reflecting the limitations of 2-DGE in terms of pI coverage.
Among the 105 identified proteins, 73 % showed a hydrophobic disposition (Kyte & Doolittle, 1982) and 43 % had one or more transmembrane regions, with or without a lipid attachment site or signal sequence. Within the group of 9 new proteins, 8 had transmembrane regions. While this work was in progress, Gu et al. (2003) reported 1-DGE-based proteome analysis of the whole (untreated) membrane of M. tuberculosis to identify over 700 proteins, which included 94 of the proteins described in this study. However, only about 12 % of those proteins had one or more transmembrane region. Prior extraction with TX-114, as applied by us, could have improved the identification of membrane-associated proteins in two ways: (a) by facilitating their release from the unique and complex membrane matrix of the microbe (Brennan & Nikaido, 1995) , (b) by effectively removing, through protein precipitation and recovery steps, some of the membraneassociated complex lipids or carbohydrates (Barksdale & Kim, 1977) that could have interfered with the protein resolution and analysis.
There are reasons to believe that some of the proteins, which did not show any hydrophobic/transmembrane regions, could have become membrane-associated due to functional rather than structural constraints. Well-documented examples of this, relevant to proteins identified in our study, are: ATP synthases (Futai et al., 1989) , ribosomal proteins (Driessen et al., 2001) , bacterioferritin (Pessolani et al., 1994) and heat-shock proteins (Shin et al., 2003) , including alpha-crystallin, Acr (Yuan et al., 1998) . Interestingly, some heat-shock proteins (HSP70 and others) have been found to be present even in the detergent-resistant membrane fractions (Broquet et al., 2003) . The Tritoninsoluble domains of the membrane, as noted in this study, could hold the key to the identification of a majority of the membrane proteins that have been consistently missed by all reported attempts (McIntosh et al., 2003) .
Bioinformatic analysis of the identified proteins suggested that the majority were involved in protein synthesis, cell wall biogenesis or energy metabolism, in addition to a major group comprising conserved hypotheticals or unknowns. Out of 60 ribosomal proteins described in the M. tuberculosis genome, 28 were identified in this study. Gu et al. (2003) had also reported the membrane association of a large number of ribosomal proteins. These results are consistent with the observation that membrane-bound or exported proteins are 'co-translationally' inserted into the membrane by ribosomes (Driessen et al., 2001 ).
We had previously reported (Mehrotra et al., 1995 (Mehrotra et al., , 1999 that the DP proteins of both 'fast'-and 'slow'-growing mycobacteria (Mycobacterium fortuitum and BCG, respectively) are potent stimulators of T cell responses in leprosy and tuberculosis patients, as well as in healthy subjects exposed to mycobacteria through BCG vaccination or environmental contact. We had also shown that the responses were mounted preferentially by the CD4+ T cells, and induced mainly by some low-molecular-mass DP proteins. In the present study, the membrane proteins of M. tuberculosis produced similar results in terms of T cell proliferation and gamma interferon production in healthy, exposed Indian donors. Proteomic analysis of the lowmolecular-mass DP fractions revealed that the ribosomal proteins of the pathogen were most probably responsible for their immunodominance, although the presence of additional, major T cell antigens in trace amounts can not be ruled out. There are several reports suggesting strong immunogenicity of ribosomal proteins of pathogens (Iborra et al., 2003) . Mycobacterial ribosomal proteins have been implicated in the skin DTH response elicited by PPD (OrtizOrtiz et al., 1971) and have also been used as a vaccine against experimental leprosy (Matsuoka et al., 1997) . Antigenic specificity and high abundance could be considered as two main reasons behind the strong immunogenicity of ribosomal proteins. While there is a high (>90 %) sequence identity between these proteins from various mycobacteria, there is hardly any (<30 %) between the mycobacterial and human, or mycobacterial and E. coli ribosomal proteins (TubercuList/SWISSPROT databases). This could explain the lack of T cell response to E. coli membrane proteins as seen in this study. Regarding abundance, ribosomes constitute nearly 25 % of the dry weight of a bacterial cell (Lehninger, 1975) .
Out of 20 non-ribosomal proteins identified in the DP fractions, 7 were lipoproteins or membrane proteins bearing transmembrane regions. None of them appeared to be strongly immunogenic for human T cells. In fact one of them, the 19 kDa lipoprotein (LpqH), has been implicated in pathogenic rather than protective immune mechanisms (Lopez et al., 2003) . On the other hand, some of the other (non-ribosomal) proteins, such as the 16 kDa Acr (Caccamo et al., 2002) could have contributed to the overall response. Nevertheless, given the limitations of this study, it would be premature to comment on the overall role of transmembrane or lipoprotein antigens in the development of immunity against tuberculosis.
In our previous report (Sinha et al., 2002) , we had shown that ESAT-6 was a constituent of the M. tuberculosis membrane. It is an immunodominant, pathogen-specific protein (with orthologues in M. leprae and M. bovis), which elicits a good T cell response in humans. Hence, it was important for us to compare the responses produced by the DP fractions and ESAT-6, even though the ESAT-6 content of DP was found to be much less than that of the whole membrane. India is a tuberculosis-endemic country and in a recent study (Lalvani et al., 2001) it was shown that 80 % of its healthy urban population is environmentally exposed to the infection, based on their T cell responses to peptides derived from two of the pathogen-specific antigens ESAT-6 and CFP-10. Since BCG lacks both of these antigens, vaccination could not have affected these responses. Considering ESAT-6 alone, the response to whole protein was somewhat lower (47 % positives) than that to the corresponding peptides (56 %). In addition, in our study three out of seven (43 %) healthy subjects showed positivity to ESAT-6, whereas all were positive to the select DP fractions with much higher SI values. Thus exposure to ESAT-6 following asymptomatic infection would have contributed minimally, if at all, to the responses induced by DP fractions.
In conclusion, we have shown that extraction with TX-114 and 1-DGE are useful complementary strategies in the proteomic analysis of M. tuberculosis membranes. This study also suggests the possibility of certain ribosomal proteins of the pathogen serving as potent immunogens. The human T cell response to the membrane fractions containing these antigens was strong, and consistent with the previous reports. Finally, the fact that functional orthologues of most M. tuberculosis membrane proteins identified in this study (73 out of 105) were also present in M. leprae points to their overall importance for the pathogen (Cole et al., 2001) . In this context, improved understanding of a large number of membrane-associated 'unknown' or 'conserved hypothetical' proteins assumes significance as we venture into designing better therapeutic and prophylactic measures against tuberculosis.
